Two experiments were performed to evaluate the perceptual relationships between 16 music instrument tones. The stimuli were computer synthesized based upon an analysis of actual instrument tones, and they were perceptually equalized for loudness, pitch, and duration. Experiment 1 evaluated the tones with respect to perceptual similarities, and the results were treated with multidimensional scaling techniques and hierarchic clustering analysis. A three-dimensional scaling solution, well matching the clustering analysis, was found to be interpretable in terms of (1) the spectral energy distribution; (2) the presence of synchronicity in the transients of the higher harmonics, along with the closely related amount of spectral .fiuctuation within the the tone through time; and (3) the presence of low-amplitude, high-frequency energy in the initial attack segment; an alternate interpretation of the latter two dimensions viewed the cylindrical distribution of clusters of stimulus points about the spectral energy distribution, grouping on the basis of musical instrument family (with two exceptions). Experiment 2 was a learning task of a set of labels for the 16 tones. Confusions were examined in light of the similarity structure for the tones from experiment 1, and one of the family-grouping exceptions was found to be reflected in the difficulty of learning the labels.
INTRODUCTION
In discussing the attributes of complex tones, Licklider (1951) concluded that "until carful scientific work has been done on the subject, it can hardly be possible to say more about timbre than that it is a 'multidimensional' dimension." In the last decade, investigators of timbre have taken marked steps in the direction of finally being able to deal with the multidimensionality of their subject. These recent improvements in timbre research are largely the result of technological advances in the use of digital computers which have given the investigator powerful new means for the analysis and synthesis of complex, time-variant musical instrument tones (Luce, 1963; Risset, 1966; Freedman, 1967 Freedman, , 1968 Beauchamp, 1969; Mathews, 1969; Chowning, 1973; Moorer, 1975) , and for the analysis and presentation of complex, multidimensional data structures of the type that may be collected from studying the perception of timbre (1)1omp, 1970; Wessel 1973 Wessel , 1974 Miller and Carterette, 1975; Grey, 1975; Grey and 
Moorer, 1976).
A major aim of research in timbre perception is the development of a theory for the salient dimensions or features of classes of sounds. Given that timbre is clearly a multidimensional attribute of sound, the computer-based techniques of perceptual data analysis which are in the category of multidimensional scaling seem to be especially well-suited for examining the complex kspects of timbre perception (Shepard, 1962a (Shepard, , 1962b Kruskal, 1964a Kruskal, , 1964b Carroll and Chang, 1970) . In multidimensional scaling, the investigator gathers perceptual data consisting of the subjective similarities between all pairs in a set of stimuli. The p•rceptual similarity judgment is treated as a measurement of subjective distance, from which a best-fitting geometric map of the stimuli, plotted as points in a space, is constructed. The multidimensional scaling algorithm maps the subjective distance relationships into ß a geometric space which has the number of dimensions specified by the investigator.
Although the scaling algorithm reports a goodness-offit statistic between the constructed spatial distances and the subjectively judged distances of the stimuli, a most important evaluation of any particular geometric mapping of similarities is its usefulness in interpreting the bases for the perceptual judgments. The investigator attempts to interpret the geometric configuration of stimulus points with regard to the factors which may explain the ordering of points along the various axes, or dimensions, of the space. An alternate approach has been to explain the factors involved in the clustering of points in the space.
Multidimensional scaling techniques are attractive in the investigation of extremely complex stimuli (such as music instrument tones) since the researcher need not physically construct his stimuli to conform to the test of a specific a priori hypothesis. Rather, he may start with the perceptual judgments of similarity among a diverse set of (naturalistic) stimuli, and then explore the various factors which contributed to the subjective distance relationships. These factors may be physical parameters of the stimuli, which then would lead to a psychophysical model; yet, multidimensional scaling techniques may also uncover any other factors involved in judgment strategies.
In the current investigation we have collected two sorts of psychological distance measurements between 16 music instrument notes. One measurement was a in learning their respective names. A comparison was of these two measurements.
The instrument notes were previously equalized for perceived pitch, loudness, and duration, in order to eliminate confounding dimensions from the judgments on timbre (Gr.ey, 1975). We feel that this step, which has often been missing in previous studies, was necessary because timbre is classically defined to exclude the dimensions of pitch, loudness, and duration. Furthermore, one may expect that detectable differences in pitch, loudness, or duration would show up as additional dimensions in the stimulus space--presenting a judgment context which would minimize the attention paid to timbrai differences alone. [Miller and Carterette, (1975) present an example of the effect of pitch on similarity structures for tones. ]
A second important feature of the stimuli in these studies was that they were computer generated by an analysis-based synthesis algorithm (Grey and Moorer, 1976) . Specifically, the tones were synthesized from information derived from the waveforms of actual recorded and digitized musical instrument tones. By using synthetic stimuli rather than stimuli on tape, the frequencies, amplitudes, and durations could be altered as specified, thereby allowing for the independent perceptual equalization of pitch, loudness and duration stated above.
An equally important benefit derived from the use of synthetic stimuli was that the exact physical properties of the tones were known. Formulation of the psychophysical relationships involved in timbre perception depends upon a knowledge of the physical nature of the stimuli as much as it does upon the perceptual scaling. Listeners were told to rate the similarity of the two tones, relative to that of all other pairs of tones heard. They were instructed that the first 30 pairs were practice, and that they could change their rating strategies during that time. The similarity rating was made on a scale of 1 to 30, and this scale was presentedto listeners as having three general ranges: (1) 1-10--very dissimilar, (2) 11-20--average level of similarity, and (3) 21-30=very similar, relative to all pairs. In addition to subjecting the similarity matrices to multidimensional scaling analysis, they were also treated with a hierarchical clustering algorithm (HICLUS by Johnson, 1967) . A group matrix was formed by averaging the rank orders of the ratings in the 35 individual matrices (since HICLUS works on rank orders of responses). The clustering algorithm produced an analysis of the similarity data which was independent of the spatial-dimensional reduction generated by multidimensional scaling. The compactness, or diameter, method of clustering was found to give the most interpretable results. The analysis grouped the most similar stimuli into clusters and then grouped such clusters into high-order clusters, continuing this way until the whole set of stimuli were in one cluster.
Cluster strength reflected degree of similarity, so that the lowest level clusters were the strongest.
The INDSCAL and HICLUS analyses were used in conjunction with one another to interpret the data (see Shepard, 1972) . The three-dimensional INDSCAL solution was found to be the most useful for interpreting the similarity structure of the stimuli.
The two-dimensional spatial solution presented several discrepancies with the clustering analysis, and as a spatial solution was difficult to interpret. The three-dimensional solution overcame the problems of clustering and seemed more interpretable.
However, there was no benefit found for interpreting the data by increasing the num- Axis HI can also be interpreted in terms of temporal patterns. On this axis, the tones on one extreme, the strings, FL, clarinets, X1, X2, and O1 display precedent high-frequency, low-amplitude energy, most often inharrnonic energy, during the attack segment. The tones at the other extreme, which include the brass, BN, and EH, either have low-frequency inharmonicity or, at least, no high-frequency precedent energy in the attack. The two tones on the latter side of the scale, X3 and 02, while quite near the center of the axis, show in their analyses the existence of precedent highfrequency energy. However, in an evaluation of the importance of that initial segment of the attack (Grey and Moorer, 1976) it was found that the discriminability between the existence or nonexistence of that precedent high-frequency energy was 0.57 and 0.58 for the two tones, respectively. This is lower than the average discriminability of the presence of that segment for the tones on the other extreme, which was 0.71 accuracy. Wessel, 1974; and Wessel, 1974 ) and a pilot study performed at our laboratory used stimuli which differed from the tones employed for this study in three ways:
An alternate way of interpreting axes II and HI in com-
(1) they were longer in duration, averaging 1 sec or more rather than 350 msec; (2) they were nonprocessed tones, that is, simply recordings of original tones rather than, as in the present study, computer-synthesized based on an analysis of the real tones; and (3) they were not equalized in the dimensions of pitch, loudness or duration.
In previous studies, the spectral energy distribution axis was always found. However, the solutions were only in two dimensions, and the other dimension was difficult to pin down with respect to a specific attribute of tone. Instead, this second dimension was interpreted as having to do with musical instrument farnili½$, as it showed clustering of brass, woodwind, and string instruments. A physical interpretation could be made only insofar as it related to the complete and unknown set of temporal features defining family membership, rather than to more specific acoustical dimensions.
It is hoped that this study has introduced an interpretation of some of the temporal bases for instrument-family clustering, as two time-related aspects of tone appeared to parallel the familylike clustering found in the spatial solution.
The exceptions to the family clustering found in this study may prove to be interesting, namely BN, which clusters with the b. rass, TP and FH, and FL, which clusters with the strings. Also, from the hierarchical clustering, TM grouped with the oboes, although in the three-dimensional solution it may be seen to join with the brass instruments.
Suggested is the possibility that certain physical factors may override the tendency for instruments to cluster by family.
The factors suggested here are the articulatory components of tone which occur in the attack. FL is overblown, so it has two similarities to the strings: (1) low-amplitude, highfrequency precedent (inharmonic) energy and (2) nonsynchronicity of onsets along with a high degree of spectral fluctuation through time. BN likewise shares the physical properties of the brass tones with which it clusters, namely, (1) low-amplitude, low-frequency precedent inharmonicity and (2) tapering of onsets of the higher harmonics, leading also to spectral fluctation.
It would appear then that, just as performing instrum entalists can imitate different instruments with vary.-ing degrees of success, so might instruments actually cluster in a perceptual similarity mapping. Articulatory features seem to play a central role in this nonfamilial clustering, but it is also important to keep in mind that the selected instrumental ranges and durations have an effect as well. Quite clearly, the use of isolated tonal stimuli is important to make note of, and it will be very important to make similar scalings for timbres that are in musical phrases, where a more complete picture of the instruments involved will emerg e .
Finally, it seems necessary to reiterate this investigator's concern for the importance of using computersynthesized tonal stimuli in experiments on timbre perception. They have the multiple advantages of being capable of equalization in the confounding dimensions of pitch, loudness, and duration, and of being exactly specified with respect to their physical features. Clearly, the potentiality of performing data reductions upon these physical factors is of further importance in obtaining easily and perhaps even uniquely interpretable results.
EXPERIMENT

2' CONFUSIONS IN THE LEARNING OF INSTRUMENT LABELS
A. Stimuli
The stimuli used in this study were identical to those used in Experiment 1, described above, consisting of 16 computer-generated timbres based on the analysis of instrumental notes.
B. Listeners and procedure
There were 22 listeners in this experiment, twenty of whom participated in Experiment 1 as well. All had musical training and were familiar with the instruments of the orchestra. Many w•ere professional orchestral players, and some had considerable experience in conducting. Data collection was spread over a number of short sessions lasting about 10 min apiece, usually occurring before some other experiment.
The 
